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Introduction
Heavy baryons are systems of three quarks, among which at least one is c or b. The quarks are bound by the strong interaction, which is described by quantum chromodynamics (QCD). Hadron lifetimes are among the most useful inputs to tune the parameters of QCD models. A powerful approach for theoretical predictions of b-hadron lifetime ratios is the heavy quark expansion (HQE) framework [1] which allows calculations in powers of Λ QCD /m b , where Λ QCD is the energy scale at which QCD becomes non-perturbative and m b is the b-quark mass. With the exception of the b hadrons containing a c quark, the predictions for the various b-hadron lifetimes only start to differ at the order Λ 
Unless specified otherwise, charge-conjugated states are implied throughout.
Detector and event samples
The LHCb detector [24] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes [25] placed downstream of the magnet. The combined tracking system provides a momentum measurement with a relative uncertainty that varies from 0.4% at low momentum, p, to 0.6% at 100 GeV/c, and an impact parameter measurement with a resolution of 20 µm for charged particles with large transverse momentum, p T . Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors [26] . Photon, electron and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers [27] .
The trigger consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction. For this measurement, events are first required to pass the hardware trigger, which selects muons with high transverse momentum. In the subsequent software stage, events are retained by two independent sets of requirements. One demands a muon candidate with momentum larger than 6 GeV/c that, combined with another oppositely charged muon candidate, yields a dimuon mass larger than 2.7 GeV/c 2 . The other requires a muon candidate with momentum larger than 8 GeV/c and an impact parameter above 100 µm with respect to all of the primary pp interaction vertices (PVs) in the event. Finally, for all candidates, two muons are required to form a vertex that is significantly displaced from the PVs.
The Ξ (1700 fb −1 ) of LHCb data, were simulated with each of the 2011 and 2012 data taking conditions. The pp collisions are generated using Pythia [28] with a specific LHCb configuration [29] . Decays of hadronic particles are described by EvtGen [30] , in which final state radiation is generated using Photos [31] . The interaction of the generated particles with the detector and its response are implemented using the Geant4 toolkit [32] as described in Ref. [33] .
Reconstruction and selection
The J/ψ → µ + µ − decay is reconstructed from oppositely charged particles that leave deposits in the vertex detector, the tracking stations and the muon system − decay is required to be identified as a kaon by the particle identification detectors, removing more than 95% of the background pions.
All final-state tracks are required to satisfy minimal quality criteria and kinematic requirements. In order to reduce backgrounds from combinations of random tracks, the decay vertices are required to be well reconstructed. The J/ψ , Ξ − , Ω − and Λ candidates are selected within mass windows of ±60 MeV/c 2 , ±11 MeV/c 2 , ±11 MeV/c 2 and ±6 MeV/c 2 , respectively, around the corresponding known masses [34] .
The hadronic final-state tracks are required to have large impact parameters with respect to the PV associated with the b-baryon candidate. The associated PV is chosen as the PV giving the smallest increase in the χ 2 of the PV fit when the b baryon is included. The associated PV is also required to be isolated with respect to other PVs and consistent with the nominal interaction region.
The b-baryon mass is computed after a complete kinematic fit of the decay chain [35] in which the masses of both daughter particles are constrained to their known values [34] .
No constraint is applied on the Λ mass. The resulting b-baryon invariant mass is required to lie in the range 5600-6000 MeV/c 2 for Ξ candidates. The decay time of the b-baryon candidate, t, is computed from the decay length, d, as
where m is the reconstructed mass and p the reconstructed momentum of the b-baryon candidate. The decay length itself is obtained from a refit of the decay chain with no mass constraints in order to keep the correlation between the reconstructed decay time and mass at a negligible level. Backgrounds are further suppressed by requiring this decay chain fit to be of good quality. The reconstructed decay time is required to lie in the range 0.3-14 ps. The lower bound of this decay-time range helps to suppress background coming from random combinations of tracks with real J/ψ mesons produced at the PV. In less than 1% of the cases, more than one candidate per event pass the selection criteria and only the candidate with the best decay chain fit result is retained.
Resolution and efficiency
The decay time resolution is obtained by fitting the difference between the reconstructed decay time, t, and the true decay time, t true , in simulated events. The fit model is a single Gaussian function G(t − t true ,t, σ res ) where the mean,t, and the width, σ res , are left free. For both considered decay modes and both data-taking periods,t is compatible with zero and σ res is close to 50 fs. A bias in the measured lifetime can arise from a non-uniform efficiency as a function of the b-baryon decay time [23] . There are two types of inefficiencies which alter the decay time distribution. The first affects mostly candidates with small decay times and is induced by the requirements of the trigger that reject predominantly short-lived b baryons. The second affects mostly candidates with large decay times and is due to the geometrical detector acceptance, the reconstruction process and the selection criteria that lead to a lower efficiency for long-lived b baryons. Both effects are estimated and corrected for using simulation. This approach is validated with several techniques described in Sec. 6.
The two trigger selections used for these lifetime measurements include a requirement on the decay length significance of the J/ψ meson. In addition, one selection also contains a requirement on the impact parameter of the muons from the J/ψ decay. The two requirements induce an inefficiency at low values of the reconstructed decay time. To assess this effect, simulated events undergo an emulation of the trigger. In addition, an unbiased trigger selection is used to remove the contribution from the detector acceptance, the reconstruction and the selection. The resulting efficiency as a function of the reconstructed decay time is fitted with an empirical function of the form
and where a, t 0 and n are free parameters. The distributions of the decay products of the b baryons depend on the decay mode and on the year of data taking. This dependence slightly affects the shape of the efficiency as a function of the reconstructed decay time.
Thus separate efficiency functions are obtained for the two decay modes, for the two data taking periods and for the two trigger selections. The efficiency functions corresponding to the 2012 data taking conditions for the Ξ − b case are shown in Fig. 1 as an example. The dependence of the efficiency on the decay time due to the geometrical detector acceptance, the reconstruction and the selection is found to be well described with a linear function,
The free parameter β is obtained by fitting a function proportional to ε 2 (t) · ∞ 0 exp(−t true /τ gen ) G(t − t true , 0, σ res ) dt true to the reconstructed decay time distribution of simulated signal events that are generated with a mean lifetime of τ gen and that are fully reconstructed and selected. Separate values for β are determined for the two different decay modes and the two data-taking periods and are given in Table 1 
Lifetime fit
The lifetime is extracted from a two-dimensional extended maximum likelihood fit to the unbinned b-baryon mass and decay-time distributions. The mass and decay time are computed with the techniques described in Sec. 3. Assuming a negligible correlation between these two quantities, the two-dimensional probability density functions for the signal and the background are each written as the product of a mass term and a decay-time term.
For the mass distribution, the signal is described with a single Gaussian function in which the mean and width are free parameters. Independent means are used for the data recorded in 2011 and in 2012, since different calibrations are applied. The background in the mass distribution is modelled with an exponential function. The signal in the decay time distribution is described with the product of the efficiency functions (described in Eqs. 2 and 3) and a convolution between an exponential function and a Gaussian function describing the decay time resolution,
where N is a normalisation parameter and τ the fitted lifetime. The decay time resolution σ res is fixed to the value obtained in simulation, separately for each decay mode and each year of data taking. The background in the decay time distribution is modelled with the sum of two exponential functions that are also convolved with the fixed decay time resolution function. With the exception of σ res , all background parameters are left free in the fit. A study based on pseudo-experiments shows that no observable bias to the measured lifetimes arises from the fit model itself.
The fit is performed for all selected b-baryon candidates. Due to the low signal yields, asymmetric uncertainties are calculated. Table 2 displays the fit result for the relevant signal parameters.
As a consistency check for the fitting method, a measurement of the Λ 0 b → J/ψ Λ lifetime is performed using the same data set and techniques as presented in this paper. 
Systematic uncertainties
Unless specified otherwise, the evaluation of the systematic uncertainties is performed by varying in turn each fixed parameter of the fit within its uncertainty and taking the change in the fit result. The total systematic uncertainty is obtained as the quadratic sum of the individual contributions. Distributions of results from fits to pseudo-experiments are used for the leading contributions (efficiencies and modelling) in order to ensure that they are not incorrectly estimated due to a statistical fluctuation of the data. A summary of all contributions to the total systematic uncertainty is given in Table 3 . Two contributions are considered as uncertainties due to the trigger efficiency. One arises from the finite size of the simulation samples and is taken into account by varying the parameters of the efficiency function ε 1 within their uncertainties. The other is due to a potential discrepancy between data and simulation. This second contribution is assessed by repeating the fit using an efficiency obtained from a data sample of B 0 → J/ψ K 0 S decays that are topologically similar to the b-baryon decays of interest and reconstructed in data collected by the same trigger. In this case, extracting the efficiency from data is possible because a large sample, selected with triggers that do not bias the decay time distribution, is available (see Ref.
[23]). Two contributions are considered as uncertainties in determining the reconstruction and selection efficiency. One arises from the finite size of the simulation samples and is assessed by varying the parameter β within its statistical uncertainty. The other takes into account the quality of the simulation of the geometrical detector acceptance, the reconstruction process and the selection. For this second contribution, the β parameter is varied by ±50% to cover any possible discrepancy between data and simulation [36] . The total systematic uncertainty related to the reconstruction and selection efficiency, taken as the quadratic sum of the two contributions, is larger for Ω − b than for Ξ − b decays due to the larger value of the β parameter for Ω − b in 2011 data. Several alternative fits are performed to assess the systematic uncertainties related to the signal modelling. In one fit, the Gaussian function describing the signal model in the b-baryon mass distribution is replaced by the sum of two Gaussian functions of common mean. The widths and the relative yields are left free. To assess the effect of the decay time resolution function, the widths of the corresponding Gaussian functions are varied by ±10%. In another alternative fit, this resolution function is taken as the sum of two Gaussian functions instead of one, where the parameters are still taken from simulation. This takes into account potential tails in the decay time resolution distribution. All variations of the function describing the decay time resolution change the fit result by a negligible amount. Therefore the systematic uncertainty related to the signal modelling is dominated by the signal description in the mass distribution.
The systematic uncertainties due to combinatorial background are taken into account with three alternative fit models. In the first, the background in the mass distribution is described with a linear function. In another fit the background is modelled with two different exponential functions for the two different years of data taking. As an alternative description of the background in the decay time distribution, three exponential functions, instead of two, are convolved with the Gaussian resolution.
The only other significant background expected is a cross-feed between the two b-baryon decays. The rate and mass distribution of the cross-feed backgrounds is determined by reconstructing simulated decays of one channel under the hypothesis of the other. According to simulation, 0.24 (3.0) Ω over the full mass range. The effect of this background on the lifetime measurement is determined by injecting simulated background events into a fit of simulated signal events and taking the observed bias as the systematic uncertainty.
The overall length scale of the vertex detector is known with a relative precision of 0.02% [23] . As the measured decay length is directly proportional to the overall length scale, this precision directly translates into a relative uncertainty on the lifetime measurements. 
